In this paper a system of a grid side and a generator side converters, both working with a common capacitor, is presented. The 6-phase asymmetric inset-type SMPMSM generator is used. A large pole pair number of this generator enables a gearless wind turbine operation. The fundamental and 3rd harmonic cooperation is used to increase the generator performance. This is accomplished by means of the 3rd harmonic current injection. For that reason the generator side converter must have a neutral connection.
Introduction
The investigated system is presented in Figure 1 . This system is used to transfer the wind energy to the grid [1, 2] . Presented paper concerns the operation of the system designed in [3] and developed there quick control method based on the precalculated generator charcteristics. Since the presented wind turbine-generator system is gearless, the generator is designed as a low and variable speed machine. It has a large number of pole pairs (p = 7) and concentrated windings. It is a 6-phase asymmetric generator.
The control module allows an additional injection of third current harmonic. The tested system has following parameters: the generator rated power is 3.0 kW, its rated voltage is 141 V, voltage of the 02 cd C capacitor is 400 V, grid phase voltage is 220 V. The dimensions of the tested generator can be found in [3] .
Generator side converter
The three-level, seven-leg converter with flying capacitors 01 cd C shown in Figure 2 is designed to supply the 6-phase asymmetric generator [4] . In the investigated generator the 3rd harmonic current component flows in the neutral wire. Since the converter presented in Figure 2 has the neutral connection, the third harmonic current injection, which increases the generator performance, can be performed.
The investigated generator is driven by the wind turbine in a gearless system (Fig. 1 ). Therefore, it is designed as a low and variable speed machine with a large pole pairs number p. Since the number of the stator slots per pole pair is small the stator windings are concentrated. This kind of winding has a full spectrum of harmonics, with amplitudes approximately inversely proportional to their order. So the third harmonic of this system is large enough to be used for independent work and in cooperation with the fundamental harmonic [5, 6] .
Considered here six-phase asymmetric generator is a simplification of the 12-phase symmetrical generator. In 12-phase generator 6 pairs of phases can be extracted. Each phase consists of a pair of identical two windings shifted by electrical 180° (facing each other). The tested six-phase asymmetric generator is created by connecting the windings in each such pair is in series. It can be said that it consists of two 3-phase windings, shifted by electrical 30° one from another, whose star points are connected. After the conversion of the generator windings to q-d coordinates, it turns out that the coordinates q 1 -d 1 are formed by fundamental harmonic and harmonics 11, 13, etc. (12·h ± 1). These higher harmonics produce unwanted moments.
However, their order is so high that their amplitude, as inversely proportional to their order, is small and undesirable moments are limited. This is the big advantage of the multiphase systems.
Coordinates q 3 -d 3 are created by third spatial harmonic, which is the fundamental harmonic for this coordinates. Unwanted harmonics in these coordinates are harmonics 9, 15 (overall 12·h + 3, 12·h-9). The third harmonic, which is the fundamental harmonic in the coordinates q 3 -d 3 , is large enough to be able to be used for cooperation with the fundamental harmonic of the coordinates q 1 -d 1 . It can also, with appropriate control, work independently. In this manner the performance of the generator is increased and the torque pulsation are decreased.
The control of the generator side converter assures the existence of the 3rd harmonic current component. The magnitude of this component is depended on the magnitude of the fundamental component of this currents [3] .
The generator phase currents, needed to achieve the generator set rotational speed are calculated [3, 4] . The set rotational speed of the generator depends on the wind speed and system capabilities. The phase voltages of the generator are predicted for calculated currents [4] . Those voltages are then provided by the generator side converter (Fig. 2) .
The generator side converter is powered by a capacitor has its connection in the converter from Figure 2 . There are four possible operating states of each converter leg, which are shown in Table 1 . 
The 7th leg of the converter shown in Figure 2 . Using the prediction of phase voltages of the generator [3, 4] , it is assumed that in other converter legs each of the four states is possible.
The active time wzgl w of each state (relative in the range of time step dt), needed to achieve the required phase voltage is calculated. In context of the required voltage, the states 2 and 3 are treated equally as st23 and the matrix of relative on-state times has 3 dimensions wzgl w (1 :3, 1 :7). The second line wzgl w (2, 1 :7) is intended for states 2 and 3 (st23). during a given time step dt is limited to a preset value d UCgr (eg 1 V). So, there is need to check whether, by given conditions, the change of voltage on the ii-th capacitor d UCa(ii) is not greater than the predetermined value d UCgr . The maximum on-time wzgl cz for the condition of a limitation of voltage change on the capacitor to a preset value d UCgr is calculated according to (3) (I is a phase current):
When relative time wzgl cz is smaller than the relative time wzgl w(2, :) , which resulted from the voltage conditions, the time wzgl w (2, :) should be reduced to the value wzgl cz . The remaining difference in the relative times (wzgl w(2, :) -wzgl cz ) should be split in half for states 2 and 3. This separation does not change the voltage conditions (because both states 2 and 3 generate the same phase voltage). This does not change a charge of the capacitor 01 cd C accumulated during on-state wzgl cz , because both states 2 and 3 interact to the charge contrary and they cancel each other out, and the remaining relative time was split in half. However, this will change the current Ig, which is taken from the upper node g of 02 cd C capacitor (in Fig. 2 , the current Id = -Ig will also change). Current Ig drawn by the generator system with converter in Figure 2 , is defined as the sum of currents flowing through the valves s1. As is apparent from Table 1 , it is a current flowing during a state s1 with a value wzgl w(1, :) · I ( :) , and the current flowing during a state s2, therefore wzgl w(2, :) · I ( :) . When the increase of the capacitor voltage is limited to d UCgr , this current should be updated. The reason for this is reduction of the relative time wzgl w (2, :) to the value wzgl w while adding the states s2 and s3, with equal to each other relative on-time periods re:
If the initial state was equal to s2, the relative total flow of the current from the node g is equal to (wzgl w + re/2) A I, where I is the phase current of the generator. If the initial state was equal to s3, there the relative total flow of the current from the node g is equal to (re/2) · I. A relatively long period of time step dt = 0.2 [ms] was assumed. This allowed the described switching of the states. The time step equal to dt = 0.1 [ms] was also tested successfully.
Grid side converter
Power drawn by the generator from the main capacitor C ) to the grid. To ensure proper voltage on the capacitor, it should also be able to transmit energy in the other direction, from the grid to the generator. This task is performed by a two-level and three-leg converter. Without taking into consideration the dead time between the commutations, it was assumed that the state of the valves s1 is the opposite state of valves s2 (s2 = ~ s1 ).
An important element of the system is the inductance L ss , ensuring continuity of grid cur-
Voltage, which should be produced by the converter [E szas ] at terminals A, B, C can be written in the domain of complex numbers:
where E s is a voltage across the terminals a, b, c.
To determine the phase relationships it can be assumed that the voltage of phase A of the grid is equal to:
where E sm is the grid voltage peak amplitude, and ω is the angular frequency.
It is assumed that given current of phase A is expressed by (8) (current arrow points into the grid).
The peak amplitude of the current active component (in phase with the voltage E SA (t)), I sm is adjusted depending on the needs of the energy transmission. The second component of this current is a passive one. However, taking into account that the arrow of the current shown in Figure 3 points into the grid, the nature of the reactive power drawn from the network is inductive. This makes it easier to control and ensures its continuity. This can be seen in the vector diagram in Figure 4 . As it can be seen from Figure 4 , the amplitude of the voltage vector E szas , which has to be produced by the converter, changes its size when the end of the vector E s zas moves along the regulation line 1. It is due to the capacitive component (inductive, if the grid currents has opposite direction to the direction shown in Figure 3 .) of grid current [I s ]. For the converter control, the value of this voltage obtained from the prediction in the time domain is used: where (t + dt) is the time of the end of the time step dt, es(t + dt), i s (t + dt) is, adequately, the value of the grid voltage and the grid current for the end of the time step, and i spop is a known value of the grid current at the beginning of the considered time step. The maximal value of the grid voltage E sm for which described control method works correctly is assumed as:
The value of the inductance taken for calculations was L ss =10 mH. As shown in Figure 4 In this figure the active component of the grid current, depending on the direction of power flow, is marked by I sm . In addition, the capacitive current sm I is drawn from the grid (here marked as the current sent to the grid, as shown on Figure 3 ).
As seen in Figure 5 , . The maximal value of the grid voltage E sm taken for simulations was:
The investigated system performs well when the active current component is not equal to the reactive component, and also when the reactive power drawn from the network is capacitive. The active current component is regulated depending on the wind speed and system capabilities, while the reactive current component is regulated according to the grid demands. The proposed system can work also with varying grid parameters. The measurements of the grid voltage amplitude and phase are necessary. Best performance of the system was achieved with the following component values (Fig. 2) : 
Simulations of the tested system
In Figure 6 the dynamic waveforms of the system presented in Figure 1 are shown. This waveforms illustrates how the system is trying to reach the preset rotational speed ω rzad . This speed depends from the measurements of wind speed, the capability of a wind turbine, and from the demand and constraints on produced power. Because the presented wind turbine system has no gears, it is a common speed for the generator and the turbine. The fast control method based on a quick searching of the precalculated characteristics, described in [3, 4] , is used. Fig. 1: 1) torque of the wind turbine, 2) actual speed of turbine-generator set, 3) preset speed ω rzad resulting from measurements of wind speed, 4) electromagnetic torque produced by the generator, counteracting the torque generated
by the wind turbine
The tested system creates the electromagnetic torque (4), which would counteract a torque of the turbine (1) in order to obtain the desired speed of the turbine-generator system (3).
Waveforms of stator phases currents, corresponding to the waveforms presented in Figure 6 , are shown in Figures 7-8. A shape of the stator phases currents illustrated in Fig. 8 (enlarged Fig. 7 ) is similar to a trapezoid. This indicates the participation of current components I q3 , I d3 , appearing as the third time harmonic. The value of these currents I q3 , I d3 , was conditioned during the control of components I q1 , I d1 , with the factors k 13 , k 24 . So the participation of these currents has been previously assumed as a third harmonic currents injection: I q3 = k 13 A I q1 , I d3 = k 24 A I d1 , with the coefficients k 13 = !0.1, k 24 = !0.3. It allows to take advantage of collaboration between primary (first) harmonic and the third harmonic, and of the action of the third harmonic alone [3, 4] .
Selected coefficients ensure an existence of third harmonic currents in dependence on the first harmonic currents, what gives mutual enlargement of the torque and reduction of its pulsation [4] . For the concentrated windings, which occur with many pole pairs p for low-speed machines, the share of the third harmonic is not negligible. It is produced by the third harmonic of the windings system and appears as the third harmonic of the magnetic induction in the air gap and in stator phases fluxes. After transformation to the q, d coordinates it appears as the main component of the q 3 The generator phases voltages waveform generated by the generator side converter is shown in Figure 9 . The values of the required phase voltages are calculated as a voltage prediction by the controller. The generator's control was based on the quick search of the precalculated control characteristic presented in [3, 4] . 
Conclusion
The described generator-side and grid-side, capacitor coupled, converters provide good operation of a gearless, grid-connected 6-phase asymmetric wind turbine generator. Thanks to the neutral connection of the generator-side converter it is possible to apply the 3rd harmonic current injection. This technique increases the performance of the generator. It should be noted that the use of the generators with an odd number of phases (5, 7, 9) reduces requirements for the generator converter, because neutral connection is not required then. In such a generator the third current harmonic flows in the phase wires, also the unwanted q 0 , d 0 components are eliminated (q 0 , d 0 components consists of 5th and 15th spatial harmonics). In the investigated 6-phase asymmetric generator the zero component of the currents flows in the phase wires. This component is the cause of the unwanted torque pulsations.
